An oxygen reduction reaction (ORR) mechanism in conducting polymer PEDOT is studied using the density functional theory. It is demonstrated that pure PEDOT chains posses the catalytic activity, where no platinum catalyst or external dopants are needed to sustain the electrocatalysis. This remarkable property of PEDOT is related to the formation of polaronic states, which leads to the decrease of the HOMO-LUMO gap and thus to the enhancement of the reactivity of the system. It is shown that ORR on PEDOT chains can proceed via two pathways, whether via a four-electron process when the oxygen reacts with protons and is reduced directly into water in four steps (Reaction path I) or via the two-electron process leading to formation of the hydrogen peroxide as an intermediate specimen (Reaction path II) . Path I is demonstrated to be energetically preferable. This conclusion also holds for ORR on two π-π stacked chains and ORR for the case when PEDOT is reduced during the reaction. It is also found that ORR on PEDOT effectively proceeds in the presence of H3O
I. INTRODUCTION
Oxygen reduction reaction (ORR) occurs at a cathode of a fuel cell where hydrogen ions that have passed the proton exchange membrane combine with the oxygen and electrons to produce water.
1,2 ORR can proceed via two pathways, whether through the four-electron process when the oxygen reacts with protons and is reduced directly into water,
or via the two-electron process leading to the formation of the hydrogen peroxide as an intermediate specimen,
ORR is a slow process representing the limiting factor of operation of fuel cells. In conventional fuel cells containing proton exchange membranes and metallic electrodes ORR requires a catalysts, typically platinum (Pt).
3-5
The high price of platinum drives up the entire cost of the fuel cell and makes a widespread utilization of the fuel cell technology difficult. Because of this, massive efforts have been directed on finding new affordable materials or catalysts capable of at least the same performance suitable for a cost-effective commercial mass production. 6 In particular, much attention has been paid recently to carbonbased cathode materials such as graphite, graphen, carbon nanotubes, fullerene and related nanomaterials. [7] [8] [9] [10] [11] , as well as other materials not requiring Pt catalyst 12 These materials are shown to exhibit excellent electrocatalytic activity and operational stability required for the ORR. A number of theoretical studies using the density function theory [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and first-principle molecular dynamics approaches [26] [27] [28] [29] [30] have addressed the mechanisms and pathways of the ORR outlining the role of dopants and the nature of electrocatalytic activity in these materials.
A promising class of novel materials for recyclable power and energy storage devices are conducting polymers, 32, 46 in particular PEDOT (poly (3,4-ethylenedioxythiophene) . 33 PEDOT represents one of the most important and most studied materials in organic electronics due to its stability, well-established manufacturing technology and excellent electronic and optical properties. [34] [35] [36] PEDOT-based materials have recently demonstrated record-high values for the combined ionic and electronic conductivity, 37 which makes them highly interesting for fuel cell applications and for metal-air batteries. 38, 39 In a pioneering study Winther-Jensen et al. demonstrated that a PEDOT electrode offers an ORR electrocatalytic performance similar to that of a conventional Pt-catalyzed one. 40 This work generated a strong interest to further studies of various aspects of ORR in PEDOT. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] It should be mentioned that electrocatalytic activity of PEDOT has been questioned and the observed catalysis was attributed to unintentional iron oxide residues on a conducting substrate beneath the polymer. 54 (Note that a similar controversy arises for metal-free catalysis in carbon materials 11 ). Further studies however confirmed a strong catalytic activity of PEDOT in Li-O 2 batteries 50 as well as in metal-free PE-DOT electrodes. 55 Also, it has been demonstrated that ORR pathways depend on the polymerization methods, with electrocatalytic discrepancies being attributed to the presence of different residual iron oxide species.
56,57
Despite the strong interest to ORR in PEDOT, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] no fundamental theoretical understanding of its catalytic activity is available at the moment. At the same time, a detailed knowledge of the redox mechanisms, energetics and reaction pathways are in critical demand because without this knowledge a further improvement of the performance of PEDOT-based fuel cells will be difficult. In the present paper we use a quantum-mechanical ab initio approach and provide a detailed atomistic insight into reduction steps of oxygen on PEDOT chains. We show that ORR proceeds via four-electron process when oxygen reacts with protons and is reduced directly into water. We demonstrate that PEDOT exhibits intrinsic catalytic activity that does not require noble metal catalysts (as in the case of metallic electrodes) or dopants (as in the case of carbon materials). We attribute this remarkable property of PEDOT to the existence of polaronic states in the band gap that facilitate the catalytic action in the oxidized state.
II. COMPUTATIONAL METHODS
The ORR on PEDOT was calculated within the density functional approach using GAUSSIAN (G09). 59 The geometrical optimizations were performed with the range separated hybrid functional wB97XD 60 level of theory which includes 22% Hartree Fock (HF) exact exchange at a short-range and 100% HF exact exchange at a long range, with the additional Grimmes D2
61 dispersion correction. The basis set 6-31G(d,p) with polarization functions are employed to optimize various structures. Symmetry constraints were not taken into consideration during geometric optimization. The solvent effect is included by using the polarizable continuum model (PCM) as implemented in the GAUSSIAN package. 62 The charge distribution on each atom was calculated via the Electrostatic Potential (ESP) method.
In the calculations we used PEDOT chains composed of eight EDOT (3,4-ethylenedioxythiophene) units, see Fig. 1 , which is consistent with the length of the PE-DOT chains reported in the literature. 63 (Note that we performed calculations for longer PEDOT chains (up to 20 monomer units), and found that the obtained results are not sensitive to the chain length). On each reaction step i the adsorption energy, ∆E i , was calculated. The adsorption energy is defined as the difference between the energy of the whole system including PEDOT and the absorbed molecules and the sum of the energies of the corresponding isolated systems (i.e. PEDOT and molecules before the reaction). Thus, a negative adsorption energy indicates that the adsorbate molecules are energetically favored for adsorption onto the PEDOT surface.
III. RESULTS AND DISCUSSION
A. ORR in PEDOT
Single PEDOT chain
We consider ORR on PEDOT in an acidic environment when each reaction step is initiated by introducing one proton H + into the system. We start with a PEDOT chain, an oxygen molecule O 2 and H + where the later two subsequently form a complex OOH + , see Fig. 2 (b) . In order to find out which atom(s) in the PEDOT chain would be the most efficient in absorbing OOH + we calculate the Fukui function, which predicts the most reactive sites in the structure. 64 The Fukui function is defined as the change of the electronic density ρ N (r) of the Nelectron system with respect to the addition/subtraction (+/−) of an electron to/from the system,
Because we are interested in the reduction reaction when electrons are subtracted from the PEDOT we calculate f As mentioned in Introduction, the ORR can proceed via two different reaction pathways including fourelectron four-step process (Path I) or two-electron twostep process (Path II). Below we first summarize the obtained reaction paths, and then proceed with their detailed discussion.
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Step 1:
Step 2:
Step 3:
Step 4:
Reaction path II:
In the above equations the asterisk * corresponds to atoms/complexes adsorbed on PEDOT.
Step 1 (Reaction paths I and II). The first step of the ORR process for both reaction paths (Eqs. (4), (8)) was simulated by placing OOH + at three different places at a distance of 3Å from PEDOT chain just above the β-carbon, α-carbon, and the sulfur atom. Let us first focus on the case of β-carbon, see Fig. 2(b) ,(c). After geometry optimization we find that OOH + is absorbed on PEDOT with one of its oxygens forming a chemical bond to the β-carbon atom. The distance between β-carbon and the oxygen atom reduces to 1.43Å (corresponding to the C-O bond), and the β-carbon rises out of the plane of PEDOT to form a tetrahedral structure (Fig.2(c) ). At the same time, PEDOT donates an electron to * OOH + such that β-carbon atom becomes positively charged (∼ +0.6e), see Fig. 3(a) . The charge transfer leads to appearance of a positively charged state in the PEDOT which energy lies in the band gap (see the state marked by an arrow in the energy diagram in Fig. 2(c) ; for a comparison, the energy diagram of a neutral PEDOT (exhibiting no states in the gap) is shown in Fig. 2(b) ). The states in the energy gap of PEDOT (as well as of other p-type conducting polymers) represent positively charged localized polarons (or bipolarons) (geometrical distortions of the chains) forming due to the strong electron-lattice coupling between the charge in the chain and the underlying lattice. 65, 66 The molecular orbital corresponding to the polaron state (LUMO) is visualized in Fig. 3(b) . The polaronic state is localized on the carbon backbone over 4 units of the chain with the maximum on the units with the absorbed * OOH. For a comparison, the HOMO state is also displayed which exhibits a localization in a different part of the PEDOT chain away from the absorbed * OOH.
In the calculations described above OOH + was placed above the β-carbon. The placement of OOH + above α-carbon or above the sulfur atom shows the same effect, i.e. the absorption of OOH + and charge transfer from PEDOT. The absorption energy of OOH + on different sites (α-carbon, β-carbon and S-atom) of PEDOT was calculated and it was found to be ∆E 1 =-7.57 eV, -7.54 eV and -5.89 eV, respectively, see Fig. 4 . This confirms the conclusion based on the Fukui function analysis that α-carbon and β-carbon are the most reactive sites for the ORR reaction. Because the difference between the absorption energies for the cases of α-carbon and β-carbon does not exceed the room temperature thermal energy, for the remaining reaction steps we will limit our analysis to the case of β-carbon only.
Step 2 (Reaction path I). In step 2, we add H + to the system. Now there are two possibilities for two different reaction paths. For the case of reaction path I (Eq. (5)) H + moves close to the oxygen atom that is bound to H atom of the absorbed * OOH. Then the electron transfer from PEDOT occurs, the O-O bond in * OOH breaks and a water molecule is formed. At the same time, the remaining O atom makes a covalent bond with two β-carbon atoms of PEDOT, see Fig. 2 (d) . The absorption energy for this step is ∆E I 2 = −5.23 eV, see Fig. 4 (a) . Due to the electron transfer, PEDOT has a total charge of +2e which leads to a formation a second polaronic state in the gap (both polaronic states are indicated by arrows in the energy diagram in Fig. 2(d) ). It should be noted that the electron transfer to * OOH that has already taken place at step 1 helped to weaken the O-O bond whose length became 1.43Å as compared to 1.32Å for an isolated OOH + . The bond strength of the O-O bond for the isolated OOH + is too high to be broken, thereby limiting the ORR kinetics. The ease of dissociating of the O-O bond in the adsorbed * OOH demonstrates that PEDOT can function as an effective catalyst to facilitate ORR.
Step 2 (Reaction path II). For the case of the reaction path II (Eq. (8)) H + moves to a position near the oxygen atom * O that is bound to β-carbon atom after step 1. After the geometry optimization, it was found that C-O bond was broken and a hydrogen peroxide molecule H 2 O 2 was formed. This concludes the reaction path II. The absorption energy for this step is ∆E Fig. 2(b) .
found that the reaction product (i.e. H 2 O 2 ) remains unaffected by water.
Step 3. In step 3, third H + is added to the system, Eq. (6). It makes a covalent bond to the oxygen and therefore an existing covalent bond between the oxygen and one of β-carbon atoms gets broken and an absorbed * OH complex forms (see Fig. 2(f) ). An electron transfer takes place again and PEDOT becomes charged with a total charge +3e accommodating three polaronic states (see a band diagram in Fig. 2(f) ). The absorption energy for this step is ∆E Fig. 4 
(a).
Step 4. Finally, in step 4 (Eq. (15)), the addition of fourth H + causes breaking the bond between oxygen in * OH and β-carbon in PEDOT accompanied by an electron transfer to * OH and a formation of a covalent bond between H + and O. As a result, a water molecule H 2 O is formed and PEDOT becomes charged with the total charge +4e accommodating four polaronic states (see a band diagram in Fig. 2(f) ). This concludes the ORR reaction on PEDOT for the Reaction path I. The absorption energy for this step is ∆E I 4 = −3.34 eV, Fig. 4  (a) .
Using the calculated energetics for the four-step ORR reaction we can estimate the work produced by the PE-DOT fuel cell. For an each electron transfer step the electrical work is given by the reversible potential U which is related to the change of the Gibbs free energy ∆G, 67,68
where F is the Faraday number, and n is the number of electron transferred during a reaction step (n = 1). The change of the Gibbs energy ∆G can be replaced by the reaction energy E as follows,
where the constant -4.6 V accounts for the difference between the electrochemical scale and the vacuum scale used in the quantum-chemical calculations, and the constant c represents the P V and T S energy contributions to the Gibbs free energy. The value of c depends on the reaction models (e.g. environment, solvation, etc), and the details of the density functional theory calculations (exchange-correlation potential, basis sets, etc.), with the reported values of c being in the range 0.5 V < c < 0.76 V. 67, 69 The calculated total reaction energy for all electron transfer steps is E tot = −19.18 eV (see Fig. 4 ). Summing up the reversible potentials, Eq. (11), for all four reactions steps, using c ≈ 0.6 V and substituting there the calculated value of E tot we obtain the work done by the fuel cell eU ≈ 3.18 eV. This value is somehow lower than the corresponding theoretical value for the four-step process 4 × 1.23 eV = 4.92 eV, where U 0 = 1.23 V is the standard reversible potential on the standard hydrogen electrode scale. To keep a fuel cell operating and to maintain a current flow in the circuit these charges have to be removed from the cathode, which is achieved by application of a negative potential to the PEDOT electrode. As a result, PE-DOT is continuously reduced towards its neutral state. In the present section we investigate how the reduction of PEDOT affects the efficiency of ORR on a PEDOT chain. To this end, at each step of ORR we reduce PEDOT (i.e. add electrons to the PEDOT chain). Calculations show that in this case ORR proceeds exactly through the same steps as in the case discussed in Sec. III A 1. That is, the reaction steps read, Reaction path I:
PEDOT + + e → PEDOT
The calculated absorption energies for steps 1-4 are respectively ∆E i are somehow larger than corresponding energies calculated without PEDOT reduction (except step 2), which means that for the case of the reduced PEDOT the ORR can progress even more efficiently than for the oxidized one. For the case of Reaction path II the calculated absorption energy for the second step is ∆E II 2 = −4.43 eV, which is smaller than the corresponding value for path I ( -4.95 eV). This means that for the case of reduced PEDOT Reaction path I is also more efficient than Reaction path II.
ORR on two π-π stacked PEDOT chains
A PEDOT film is largely amorphous with a limited crystallic order, with PEDOT chains being assembled in small π-π stacked crystallites typically consisting of 3-10 chains. 66, [70] [71] [72] It is therefore important to investigate how a π-π stacking affects the ORR reaction. We proceed in the same way as in Sec. III A 1 placing OOH + above the β-carbon of the upper PEDOT chain, see Fig. 5 . After geometry optimization we find that OOH + is absorbed on PEDOT with one of its oxygens forming a chemical bond to the β-carbon atom. The calculated geometry of the absorbed * OOH on two π-π stacked chains is practically the same as the one for the single chain, cf. Fig. 2 (c) and Fig. 5 . Subsequent additions of H + to the system shows that for the case of two π-π stacked chains ORR proceeds exactly through the same steps as for the single chain Fig. 4 (c) . As for the case of a single chain, Reaction path I on two π-π stacked chains is also more effective than Reaction path II.
B. Mechanism of the catalytic action of PEDOT
The results presented in the previous sections show that pure PEDOT chains posses the catalytic property (i.e. they do not require any external dopants to facilitate the reaction). This is in strong contrast to the case of metallic electrodes which require a platinum catalyst or to the case of graphene where doped graphene have catalytic capability but pure graphene does not. We relate this remarkable property of PEDOT to a formation of polaronic states in the gap during the reaction (see energy diagrams in Fig. 2 and a related discussion in Sec. III A 1). Indeed, the energy difference between LUMO and HOMO represents an indicator of chemical reactivity; the smaller this difference is, the faster the reaction proceeds. 58, 74 At each reaction step, due to an easily donating nature of PEDOT (which is a p-type material), a charge transfer occurs, which results in the creation of a positive polaronic state in the chain, see Fig. 3 . This state represents a new LUMO state whose energy is much lower than the LUMO energy of a corresponding neutral chain. Thus, the HOMO-LUMO gap is significantly reduced, which eventually leads of the enhancement of the reactivity of PEDOT. It is noteworthy that polaronic states are localized on the PEDOT chain (i.e. not at the absorbed species), which enables accepting positive charges and thus efficient catalytic action during ORR.
Note that conceptually similar explanation of the catalytic capability applies to the doped graphene where the HOMO-LUMO gap is strongly reduced after a dopant atom is substituted into the graphene sheet thus creating a state in the gap.
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C. Factors affecting ORR reaction in PEDOT
In the previous section we outlined the basics of ORR on PEDOT discussing reactions paths, steps, and reac- tion energetics. In the present section we consider the effect of various factors that might influence the ORR in PEDOT.
1. ORRs on PEDOT and π-π stacked PEDOT in the presence of H3O complex makes a covalent bond to the α-carbon of the PEDOT chain, PEDOT+OOH + → PEDOT + + * OOH. This is accompanied by an electron transfer to the absorbed * OOH and thus an appearance of a polaron state on PEDOT, see Fig. 6 . This corresponds to Step 1 described in previous sections, Eq (4) , which means that H 3 O + effectively mediates ORR on PEDOT.
Absence of acidic environment
In this section we investigate the catalytic behavior of PEDOT in the absence of acidic environment. We place oxygen molecules at different positions in the vicinity of PEDOT chain when no protons are present in the systems. We consider cases with and without water. After the geometry optimization we find no evidence of catalytic activity of PEDOT, see Fig. 7 . This is in an agreement with experimental electrochemical investigations of Khomenko et al. 75 who studied PEDOT catalytic electrodes in oxygen-saturated electrolytes and found no evidence of the electrocatalytic activity towards the oxygen reduction. The absence of the catalytic activity is fully consistent with the mechanism of the catalytic action of PEDOT outlined in Sec. III B. Indeed, in the absence of protons, the electron transfer from PEDOT does not take place. As a result, no polaronic state in the gap facilitating ORR is formed.
IV. CONCLUSION
A conducting polymer PEDOT represents a promising material for recyclable power and energy storage devices including fuel cells. A number of experimental works addressed the oxygen reduction reaction (ORR) on the PE-DOT electrode, which is critical for fuel cell applications. In the present study we, for the first time to the best of our knowledge, report theoretical studies of the ORR on PEDOT. Using quantum-mechanical calculations based on the density functional theory we demonstrate that in the acidic environment ORR on a PEDOT chain can proceed via two pathways, whether via the four-electron process when the oxygen reacts with protons and is reduced directly into water in four steps (Reaction path I) or via the two-electron process leading to formation of the hydrogen peroxide as an intermediate specimen (Reaction path II). We optimized the geometrical structure and calculated molecular orbitals and charge distribution in PEDOT chains. We studied the energetics of the reaction and found that the energy of the system decreases for each reaction step, which indicates that ORR occurs spontaneously on PEDOT. The calculated absorption energy shows that the decrease in the ground state energy for reaction path I is larger than that of reaction path II, and therefore we conclude that ORR on PEDOT favors the Reaction path I. Using the Fukui function analysis we identify the reactive sites of the reaction. We also consider ORR on two π-π stacked PEDOT chains and ORR for the case when PEDOT is reduced during the reaction, and in both cases we find that Reaction path I is more energetically favorable.
Our results demonstrate that pure PEDOT chains posses the catalytic property (i.e. they do not require any external dopants to facilitate the reaction). This is in strong contrast to the case of metallic electrodes which require a platinum catalyst or to the case of graphene where doped graphene have catalytic capability but pure graphene does not. We relate this remarkable property of PEDOT to a formation of polaronic states, which leads to the reduction of the HOMO-LUMO gap and thus to the enhancement of the reactivity of the system.
We also investigate the effect of various factors that might influence the ORR in PEDOT. In particular, we find that ORR on PEDOT can effectively proceed in the presence of H 3 O + , but does not occur in the absence of acidic environment. 
